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1. INTRODUCTION {#dmrr3237-sec-0005}
===============

Custom‐made footwear is in many settings prescribed to people with diabetes who are at moderate to high risk for ulceration, with the goal to accommodate foot deformities present, relieve peak plantar pressures, provide stability in walking and protect the foot against minor trauma. International guidelines recommend the use of custom‐made footwear to help prevent diabetic foot ulceration, with target pressures for footwear provided for those patients who healed from a plantar foot ulcer.[1](#dmrr3237-bib-0001){ref-type="ref"}, [2](#dmrr3237-bib-0002){ref-type="ref"}, [3](#dmrr3237-bib-0003){ref-type="ref"}, [4](#dmrr3237-bib-0004){ref-type="ref"}, [5](#dmrr3237-bib-0005){ref-type="ref"}

While the goals for custom‐made footwear are clear and clinical decision‐making in selecting the type of footwear is often defined by the degree of foot deformity present, footwear design can be variable and is hardly supported by any published protocol, shoe concept or algorithm. Only two consensus‐based algorithms for custom‐made footwear and a pressure‐ and foot shape‐guided design algorithm for custom‐made insoles have been identified in the scientific literature.[6](#dmrr3237-bib-0006){ref-type="ref"}, [7](#dmrr3237-bib-0007){ref-type="ref"}, [8](#dmrr3237-bib-0008){ref-type="ref"} And while the international guidelines stress the need for adequate footwear, specifications for footwear design are not provided.[9](#dmrr3237-bib-0009){ref-type="ref"} Thus, a comprehensive conceptual approach to prevention of foot disease through the use of footwear is still largely lacking, which may affect efficacy in prevention.

This is unfortunate, because the biomechanical effects of shoe and insole designs and their features have been widely investigated and show to be consistent.[10](#dmrr3237-bib-0010){ref-type="ref"}, [11](#dmrr3237-bib-0011){ref-type="ref"}, [12](#dmrr3237-bib-0012){ref-type="ref"}, [13](#dmrr3237-bib-0013){ref-type="ref"}, [14](#dmrr3237-bib-0014){ref-type="ref"} Furthermore, the clinical efficacy of some of these biomechanical footwear designs in reducing risk of ulcer recurrence has been proven.[15](#dmrr3237-bib-0015){ref-type="ref"}, [16](#dmrr3237-bib-0016){ref-type="ref"}, [17](#dmrr3237-bib-0017){ref-type="ref"} Apparently, it has been difficult to translate this knowledge into clinical footwear practice, which stresses the need for a design protocol for custom‐made footwear, so to facilitate its prescription and manufacturing beyond guidelines. Such a protocol should be evidence based; where evidence is not available, consensus‐based design rules should be used.

We aimed to develop and present a design protocol for custom‐made footwear for the moderate‐to‐high‐risk patient with diabetes and peripheral neuropathy.

2. MATERIALS AND METHODS {#dmrr3237-sec-0006}
========================

The population of interest was people with diabetes who were at moderate to high risk of developing a foot ulcer by having at least loss of protective sensation due to peripheral neuropathy,[18](#dmrr3237-bib-0018){ref-type="ref"} and, typically, have a foot ulcer history or a foot deformity (including limited joint mobility).

The protocol consists of two parts: (1) an evidence‐ and consensus‐based design algorithm for the moderate‐to‐high risk patient and (2) an evidence‐based pressure‐relief algorithm for the high‐risk patient with plantar foot ulcer history.

The scientific literature on the biomechanical effects of footwear designs in people with diabetes was reviewed and assessed (by J.Z. and S.B.) in order to determine the evidence base for the algorithms.

2.1. Footwear design algorithm {#dmrr3237-sec-0007}
------------------------------

A group of experts in the field came together on 12 occasions for 2‐hour meetings to develop the algorithm. These experts included two rehabilitation medicine physicians (R.D. and T.B.) and four senior orthopaedic shoe technicians (ie, pedorthists), all with long‐time experience in provision of custom‐made footwear for diabetic patients, and two diabetic foot researchers (S.B. and J.Z.).

The experts defined the domains of foot pathology for the footwear design algorithm; the goal here was to cover at least 80% of the feet seen in clinical footwear practice. The experts also defined the technical footwear aspects, that is, the different shoe and insole design features, which had to be included in the algorithm. Definitions for mechanisms of action of the shoe/insole, footwear construction features and materials used were carefully considered and established in order to get uniform understanding within the group of experts.

The outcomes of the literature review were discussed within the expert group and the evidence found for the different shoe and design features was included in the algorithm. The evidence found could be direct, meaning that the effect was found in persons with diabetes, or indirect, meaning the effect was found in non‐diabetic subjects. For shoe and insole design features for which no evidence was available, consensus within the group was required and obtained. Previous consensus‐based algorithms were also consulted.[6](#dmrr3237-bib-0006){ref-type="ref"}, [7](#dmrr3237-bib-0007){ref-type="ref"}

A draft algorithm was assessed by each expert and discussed within the group at one of the meetings. Comments made were incorporated in a new draft. After several iterations of this process, a final version of the algorithm was written.

2.2. Pressure‐relief design algorithm {#dmrr3237-sec-0008}
-------------------------------------

We used the outcomes from the systematic review and data from our previous footwear trial,[10](#dmrr3237-bib-0010){ref-type="ref"}, [15](#dmrr3237-bib-0015){ref-type="ref"} to develop an evidence‐based design algorithm for improved and sustained pressure relief in custom‐made footwear for high‐risk diabetic patients with plantar foot ulcer history.

3. RESULTS {#dmrr3237-sec-0009}
==========

3.1. Footwear design algorithm {#dmrr3237-sec-0010}
------------------------------

A total of 14 domains of foot pathology were defined (Table [1](#dmrr3237-tbl-0001){ref-type="table"}). All include the presence of loss of protective sensation and per domain a specific deformity (including limited joint mobility). Specifications for the shoe and insole features for each domain are given in the text. With a patient fitting in more than one domain or with specific conditions present, contraindications may exist for one or more design features, as explained below or as judged by the prescribing physician or shoe technician.

###### 

The footwear design algorithm for 14 domains of foot pathology with loss of protective sensation
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The mechanism of action of the shoe can be corrective, accepting and compensating. Corrective means that the footwear corrects deviating joint positions of the foot. Accepting means that these deviating joint positions are accepted by the footwear. Compensating means that a movement restriction or an amputation is compensated for; the shoe then takes on the function of the affected part of the foot.

*Note:* Explanatory letter symbols:

A. For a rigid pes cavus with rigid claw toes, the mechanism of action is accepting, for non‐rigid claw toes it is correcting.

B. For flexible pes planus, the mechanism of action is correcting, for hallux valgus it is accepting

C. The first provision is with an externally reinforced stiff extra‐high shaft and outsole reinforcement. After \>3 months, switch to a toughened high shaft with medial/lateral reinforcement between lining and outer of the shoe and a toughened outsole

D. Generally, apply a high toughened shaft with mediolateral reinforcement. Consider an extra‐high reinforced shaft with extreme equines and some ankle range of motion possible.

E. With hallux rigidus and desire to restrict movement in the first metatarsal‐phalangeal joint, use a large rocker angle (\>20°) and outsole reinforcement.

F. Consider using a reinforced outsole when only the hallux is amputated, to prevent build‐up of pressure at the first metatarsal head. In case of first ray amputation, a toughened outsole can be used.

G. Consider using a reinforced stiff shaft with forefoot amputation and gait stability problems.

Several rules of thumb in footwear design apply to each of the 14 domains: Each shoe must have sufficient interior space in length and width, with a minimum of 1 cm space in length between longest toe and inner of the shoe. The toe box must be sufficiently high to accommodate non‐correctable claw or hammer toes or a hyperextended hallux.No seams should be present in the inner lining.Shoes should have laces. If hand function is insufficient, Velcro straps are the best option.The shoe should provide adequate shock absorption during loading of the foot.With active use, attention should be paid to the durability (in the choice of materials) and the weight of the shoe.With a clearly reduced proprioception, attention should be paid to a stable support during stance, if needed using a more distal rocker axis.With presence of oedema or vulnerable skin in the lower leg, a low‐cut shoe is preferred. If a high‐cut shoe is indicated, the inner should be padded and top edge of the shoe should be above the vulnerable area. A 1.5‐mm‐thick flat layer of material below the insole creates the opportunity to moderate interior volume with changing oedema.

### 3.1.1. Shoe/shaft height {#dmrr3237-sec-0011}

For shoe or shaft height, the following classification is used: Low cut = below the malleolus.High cut = at the level of malleolus.Extra high cut = above the malleolus.

### 3.1.2. Shaft flexibility/reinforcement {#dmrr3237-sec-0012}

A lateral rearfoot reinforcement should be used when a fixed varus deviation is present in the sub‐talar joint, and a medial rearfoot reinforcement when fixed valgus is present, to provide stability. Always apply the reinforcement in combination with a reinforcement on the contralateral shoe side. A 5° wedge may be applied in the rear part of the insole if varus or valgus in the sub‐talar joint is present and correctable.[19](#dmrr3237-bib-0019){ref-type="ref"}

If the pathology is in combination with muscle weakness of the tibialis anterior or peroneus longus muscles (Medical Research Council ≤3), an extra high‐cut shaft reinforcement within the shoe should be chosen, to support dorsiflexion of the ankle. Another solution is to add an external orthosis, such as an ankle‐foot orthosis.

### 3.1.3. Rocker profile {#dmrr3237-sec-0013}

The rocker profile of the shoe significantly reduces peak pressure under the forefoot.[20](#dmrr3237-bib-0020){ref-type="ref"}, [21](#dmrr3237-bib-0021){ref-type="ref"}, [22](#dmrr3237-bib-0022){ref-type="ref"}, [23](#dmrr3237-bib-0023){ref-type="ref"}, [24](#dmrr3237-bib-0024){ref-type="ref"}, [25](#dmrr3237-bib-0025){ref-type="ref"} For illustrations of rocker apex, axis and angle and longitudinal axes see References.[21](#dmrr3237-bib-0021){ref-type="ref"}, [25](#dmrr3237-bib-0025){ref-type="ref"} With fully custom‐made shoes, the rocker is applied in the insole, with the outsole following this insole rocker configuration one‐on‐one. With prefabricated shoes, the rocker is in the outsole.The rocker apex is the central point on the rocker axis and should be at 60% of shoe length, measured from the rear of the shoe, to provide optimal balance for pressure relief under the different metatarsal heads.[20](#dmrr3237-bib-0020){ref-type="ref"}, [21](#dmrr3237-bib-0021){ref-type="ref"}, [22](#dmrr3237-bib-0022){ref-type="ref"} This relates to a rocker axis that is \~1.3 cm proximal to metatarsal head 1 and \~2.6 cm proximal to metatarsal head 2 for shoe size US9.5.[22](#dmrr3237-bib-0022){ref-type="ref"}The rocker apex should be at 65% of the shoe length, measured from the rear of the shoe, to provide optimal balance for pressure relief under the toes.[22](#dmrr3237-bib-0022){ref-type="ref"}, [23](#dmrr3237-bib-0023){ref-type="ref"}, [24](#dmrr3237-bib-0024){ref-type="ref"} This relates to a rocker axis that is \~0.2 cm distal to metatarsal head 1 and \~1.2 cm proximal to metatarsal head 2 for shoe size US9.5.[22](#dmrr3237-bib-0022){ref-type="ref"}The rocker angle is the angle between the ground and the bottom surface of the shoe from the rocker apex forward and should be 20° in each shoe, independent of shoe size.[21](#dmrr3237-bib-0021){ref-type="ref"}The apex angle is the angle between the rocker axis and the longitudinal axis of the shoe and should be 95°.[21](#dmrr3237-bib-0021){ref-type="ref"} This means that the rocker axis is medially more distal than laterally. The rocker apex should still be at 60%/65% of the shoe length (see earlier). With an exorotation position of the foot, the rocker axis must be corrected to give an apex angle of 95° on the direction of walking.

### 3.1.4. Shoe outsole {#dmrr3237-sec-0014}

The shoe outsole should provide cushioning and can be made supple or toughened, or can be reinforced with a carbon or metal layer over the partial or entire length of the shoe to create a stiff outsole that is not bendable. With clearly reduced proprioception, opt for a toughened and not a stiff outsole. Pay attention to sufficient traction of the outsole in these patients with peripheral neuropathy.

### 3.1.5. Tongue {#dmrr3237-sec-0015}

The tongue of the shoe can be made supple, toughened, or stiff and is always padded. A stiff tongue is used mainly with forefoot amputation.

### 3.1.6. Heel of the shoe {#dmrr3237-sec-0016}

The heel of the shoe can take several configurations. Normal heel height for men is 1.5‐2 cm and for women 2.5‐3 cm. An increased heel lift is provided in fully custom‐made shoes via heel lift in the shoe, in prefabricated shoes via heel lift in the insole (maximum 1 cm). Increased heel lift in pes equines is dependent on the available ankle range of motion. Lateral or medical heel flare can be given if there is varus or valgus tilting of the calcaneus, in order to normalize the centre of pressure.

### 3.1.7. Insole base {#dmrr3237-sec-0017}

The base of the insole in a fully custom‐made shoe should be of 5‐mm‐thick micro cork (shore 55) with on top 5‐mm‐thick Ethylene Vinyl Acetate (EVA) (shore 35‐40). With prefabricated shoes the base should consist of 6‐mm‐thick EVA (shore 35‐40). The use of materials with proven similar properties in mainly compressibility and durability is also possible.[26](#dmrr3237-bib-0026){ref-type="ref"}

### 3.1.8. Insole top layer {#dmrr3237-sec-0018}

The top layer of the insole should be a combination of 3‐mm‐thick closed‐cell foam (eg, Plastazote type LD45) on top of 3‐mm‐thick open‐cell cushioning foam (eg, Professional Protective Technology (PPT)), over its entire length. The combination of Plastazote and PPT has shown to be effective in pressure relief,[10](#dmrr3237-bib-0010){ref-type="ref"} but the use of materials with similar properties is also possible. A leather top layer has proven ineffective in pressure relief and should not be used.[10](#dmrr3237-bib-0010){ref-type="ref"}

### 3.1.9. Metatarsal support {#dmrr3237-sec-0019}

A metatarsal support significantly improves peak pressure reduction at the metatarsal heads.[10](#dmrr3237-bib-0010){ref-type="ref"}, [19](#dmrr3237-bib-0019){ref-type="ref"}, [27](#dmrr3237-bib-0027){ref-type="ref"}, [28](#dmrr3237-bib-0028){ref-type="ref"}, [29](#dmrr3237-bib-0029){ref-type="ref"}, [30](#dmrr3237-bib-0030){ref-type="ref"}, [31](#dmrr3237-bib-0031){ref-type="ref"}, [32](#dmrr3237-bib-0032){ref-type="ref"}, [33](#dmrr3237-bib-0033){ref-type="ref"}, [34](#dmrr3237-bib-0034){ref-type="ref"}, [35](#dmrr3237-bib-0035){ref-type="ref"}, [36](#dmrr3237-bib-0036){ref-type="ref"}, [37](#dmrr3237-bib-0037){ref-type="ref"}, [38](#dmrr3237-bib-0038){ref-type="ref"} Use a transmetatarsal bar that covers all metatarsal heads as support.[30](#dmrr3237-bib-0030){ref-type="ref"} A metatarsal pad or dome can be used if only one metatarsal region shows (signs of) high pressure, or is a previous ulcer site.The material of the metatarsal support should be of EVA, cork, or a similar material (shore 55).[31](#dmrr3237-bib-0031){ref-type="ref"} The support is covered by the insole top layer.The height of the support should be 9‐10 mm.[29](#dmrr3237-bib-0029){ref-type="ref"}The location of the support should be 6‐11 mm proximal to the metatarsal head, in static position.[32](#dmrr3237-bib-0032){ref-type="ref"}, [37](#dmrr3237-bib-0037){ref-type="ref"}, [38](#dmrr3237-bib-0038){ref-type="ref"} This means that with a support with an apex 10 mm from its distal edge, the distal edge is 6‐11 mm proximal to the center of the metatarsal head.[31](#dmrr3237-bib-0031){ref-type="ref"} Thus, the apex of the metatarsal support is 16‐21 mm from the center of the metatarsal head. Take into account that the insole top layer affects the effective location of the metatarsal support in the shoe, moving it more distally.With a tightly tensioned plantar fascia, or nodules in the fascia (eg, in patients with morbus Ledderhose \[or plantar fibromatosis\]), support should be limited and these nodules should be adequately offloaded.

### 3.1.10. Medial arch support {#dmrr3237-sec-0020}

A medial foot arch support also significantly reduces peak pressure in the forefoot.[7](#dmrr3237-bib-0007){ref-type="ref"}, [10](#dmrr3237-bib-0010){ref-type="ref"}, [12](#dmrr3237-bib-0012){ref-type="ref"}, [19](#dmrr3237-bib-0019){ref-type="ref"}, [27](#dmrr3237-bib-0027){ref-type="ref"}, [39](#dmrr3237-bib-0039){ref-type="ref"}, [40](#dmrr3237-bib-0040){ref-type="ref"} Add 3‐5 mm height to the existing foot arch support obtained from total contact through semi‐weight‐bearing fitting with plaster, foam box, or scan.[10](#dmrr3237-bib-0010){ref-type="ref"}, [19](#dmrr3237-bib-0019){ref-type="ref"} Pressure relief under the hallux can be improved by combining a medial arch support with a full length varus wedge.[19](#dmrr3237-bib-0019){ref-type="ref"}

With a tightly tensioned plantar fascia, or nodules in the fascia (eg, in patients with morbus Ledderhose \[plantar fibromatosis\]), the medial foot arch support should be customized; an alternative would be a support at the sustentaculum tali.

### 3.1.11. Heel cup {#dmrr3237-sec-0021}

A heel cup more effectively maintains the sub‐cutaneous fat tissue underneath the calcaneus and can distribute pressure to the midfoot and to the walls of the insole, thereby relieving pressure on the heel.[19](#dmrr3237-bib-0019){ref-type="ref"}, [27](#dmrr3237-bib-0027){ref-type="ref"}

### 3.1.12. Local removal and padding {#dmrr3237-sec-0022}

The removal of material (a local cut‐out) at the former ulcer location or a high‐pressure location and padding thereof with a different material reduces local peak pressure.[10](#dmrr3237-bib-0010){ref-type="ref"}, [12](#dmrr3237-bib-0012){ref-type="ref"} The cut‐out should be circular or slightly oval in shape in the walking direction and be minimally larger than the region of interest. The cut‐out should be 5 mm deep and padded with a 3‐mm durable material up to shore 30.

3.2. Pressure‐relief design algorithm {#dmrr3237-sec-0023}
-------------------------------------

Table [2](#dmrr3237-tbl-0002){ref-type="table"} shows the pressure‐relief design algorithm, consisting of 10 required steps for the design of custom‐made footwear that effectively reduces peak plantar pressure in the high‐risk patient with plantar foot ulcer history.

###### 

The evidence‐based pressure‐relief design algorithm for patients with plantar foot ulcer history

  --------- -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Step 1    Shoe           Rigid outsole that permits a maximum of 10° bending
  Step 2    Shoe           Rocker outsole with 20° angle and axis at 60% of shoe length
  Step 3    Insole         Base: Fully custom‐made shoes: 5‐mm‐thick micro cork[a](#dmrr3237-note-0005){ref-type="fn"} + 5‐mm‐thick EVA; extra‐depth prefabricated shoes: 6‐mm‐thick EVA
  Step 4    Insole         Total contact insole with 3‐5‐mm‐thick medial arch support added
  Step 5    Insole         Transmetatarsal bar of 9‐10 mm height and located 6‐11 mm proximal of metatarsal head (see manuscript text for details)
  Step 6    Insole         5‐mm‐depth removal and 3‐mm‐thick padding at high‐pressure regions
  Step 7    Insole         Insole top cover of 3‐mm‐thick closed‐cell foam (eg, Plastazote) on top of 3‐mm‐thick open‐cell cushioning foam (eg, PPT)[b](#dmrr3237-note-0006){ref-type="fn"}
  Step 8    Assessment     In‐shoe plantar pressure measurement
  Step 9    Modification   Footwear modification if midfoot/forefoot peak pressure \>200 kPa[c](#dmrr3237-note-0007){ref-type="fn"}
  Step 10   Assessment     Reassessment of in‐shoe plantar pressures at 6 months
  --------- -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------

*Note:* With specific conditions, contraindications may exist for one or more design features in this algorithm, as explained in the results or judged by the prescribing physician or shoe technician.

Or multiform

Or materials with similar characteristics

A maximum two rounds of modifications of shoe and/or insole with subsequent pressure assessment are considered, to provide a reasonable cost‐benefit. Any further modification after two rounds should be considered with respect to pressure outcome achieved and time and effort invested.

4. DISCUSSION AND CONCLUSIONS {#dmrr3237-sec-0024}
=============================

The footwear design algorithm covers the majority of foot types and deformities seen in diabetic foot care. As Table [1](#dmrr3237-tbl-0001){ref-type="table"} shows, most of the features of the insole are evidence based for pressure relief, either directly from studies on diabetic subjects or indirectly from non‐diabetic subjects. Few aspects are not evidence based such as the insole base. Most of the shoe features are consensus based. Only regarding the rocker profile, sufficient evidence is available in the literature. Our algorithm is quite different from previous footwear design algorithms, which are mainly consensus based.[6](#dmrr3237-bib-0006){ref-type="ref"}, [7](#dmrr3237-bib-0007){ref-type="ref"} This demonstrates that footwear design and provision is moving from an experience and skills‐based approach to a more scientific data‐driven approach, while more research is needed to support mainly the design of the shoe for the diabetic patients at risk.

The pressure‐relief design algorithm is a 10‐step approach to provide improved and sustained pressure relief in custom‐made footwear for high‐risk diabetic patients with plantar foot ulcer history. The steps are evidence and scientific based and data driven. It uses in‐shoe plantar pressure measurements for the evaluation of the footwear and, if needed, to guide modification of the insole or shoe to further improve pressure relief to a target level that is recommended in international guidelines and based on previous research from the authors and others.[12](#dmrr3237-bib-0012){ref-type="ref"}, [15](#dmrr3237-bib-0015){ref-type="ref"}, [41](#dmrr3237-bib-0041){ref-type="ref"}, [42](#dmrr3237-bib-0042){ref-type="ref"} This algorithm leads to substantially lower in‐shoe peak plantar pressures in high‐risk patients and fewer modifications needed to reach the target pressure when compared to other design methods.[43](#dmrr3237-bib-0043){ref-type="ref"}

In conclusion, the footwear design and pressure‐relief algorithms are the first of their kind and state of the art and should facilitate more uniform decision making in the prescription and manufacturing of adequate shoes for high‐risk patients. This should reduce variation in footwear provision andimprove clinical outcome in the prevention of diabetic foot ulcers.
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footwear

:   the shoe and the removable insole

insole

:   synonym for insert or in‐shoe orthosis

custom‐made footwear

:   fully custom‐made shoes and insoles or custom‐made insoles worn in diabetes‐specific prefabricated (extra‐depth) shoes.
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